LPS signals through a membrane bound-complex of the lipid binding protein MD-2 and the receptor TLR4. In this study we identify discrete regions in both MD-2 and TLR4 that are required for signaling by lipid IVa, an LPS derivative that is an agonist in horse but an antagonist in humans. We show that changes in the electrostatic surface potential of both MD-2 and TLR4 are required in order that lipid IVa can induce signaling. In MD-2, replacing horse residues 57-66 and 82-89 with the equivalent human residues confers a level of constitutive activity on horse MD-2, suggesting that conformational switching in this protein is likely to be important in ligand-induced activation of MD-2/TLR4. We identify leucine-rich repeat 14 in the C terminus of TLR4 as essential for lipid IVa activation of MD-2/TLR4. Remarkably, we identify a single residue in the glycan-free flank of the horse TLR4 solenoid that confers the ability to signal in response to lipid IVa. These results suggest a mechanism of signaling that involves crosslinking mediated by both MD-2-receptor and receptor-receptor contacts in a model that shows striking similarities to the recently published structure ( 
L
ipopolysaccharide molecules are complex glycolipids that form the outer layer of the outer membrane of Gramnegative bacteria (1) . The lipid A domain of LPS is responsible for cellular activation and consists of a disaccharide to which various substituents, including acyl chains of variable length and number, are attached (2) . Escherichia coli lipid A is usually hexa-acylated whereas a tetra-acylated lipid A, lipid IVa, is also produced by E. coli as an intermediate in the lipid A biosynthetic pathway (2) . Lipid IVa was originally identified as an inhibitor at the human LPS receptor and was considered a candidate to be developed for clinical use as an endotoxin antagonist. Lipid A signals to host cells through a transmembrane complex consisting of the lipid-binding protein MD-2 and the type 1 receptor TLR4 (1, (3) (4) (5) . MD-2 is probably the key player in lipid A recognition whereas TLR4, unlike other TLRs, is thought not to participate directly in lipid A binding (5) .
LPS and lipid A are believed to be recognized by MD-2 following transfer from CD14, which does not participate in the signaling complex (6) . Contrary to expectations, ligand binding does not significantly alter the overall structure of MD-2 (7, 8) , but the ligands used in the crystallographic studies (lipid IVa and eritoran) are antagonists to human MD-2/TLR4, so it remains unclear what happens to MD-2 and TLR4 upon agonist binding and activation. Active ligands such a lipid A (9) presumably induce structural rearrangements that trigger dimerization of TLR4 and initiate signal transduction (7, 10 -13) . Mutagenesis studies identified amino acids 79 -83, 121-124, 125-129 (12) , K128, and K132 of human MD-2 as being important in lipid A binding (13) , but in the crystal structure of the inactive MD-2-lipid IVa complex, only residues I46, L78, I80, and F121-I124 contact the ligand. The other residues identified by mutagenesis may play an indirect role in formation of the active complex.
It is still unclear whether TLR4 participates directly in ligand binding and discrimination. TLR4 could play a secondary role in ligand binding because residues in MD-2 (C95 and C105), which are important for TLR4 binding (11, 14) , are located at the rim of the ligand-binding cavity (8) . This is supported by the higher LPS affinity of the TLR4-MD-2 complex compared with MD-2 on its own (15) . Other TLRs do recognize ligands directly. For example, lipopeptides are detected by the leucine-rich repeat (LRR) 4 region 9 -12 of TLR1/6 (16, 17) , and residues D295 and D367 of TLR5 are important for the recognition of bacterial flagellin (16) . MD-2 binds to TLR4 on a lateral surface of the TLR4 solenoid near to the N terminus (18) . Interestingly, TLR4 single nucleotide polymorphisms (D299G and T399I) in humans are located far away from the N-terminal MD-2 binding site but reduce LPS responsiveness (19, 20) . The mechanism for this is unclear, but the mutations could either affect the cooperative binding of LPS or alter the conformational changes that occur during ligand-induced signal transduction.
There are marked differences among mammalian species in the activities of different types of lipid A that behave as agonists or antagonists at the MD-2/TLR4 complex (21) (22) (23) . Lipid A is an agonist in most species whereas lipid IVa, while being an agonist in the mouse, is an antagonist for human cells (21, 24) . This suggests that lipid IVa is able to bind to human TLR4/MD-2 but is unable to induce signal transduction. By using comparative analysis to study lipid IVa interactions with TLR4/MD-2 from different mammalian species, we therefore have a unique opportunity to identify residues exclusively involved in signal transduction and therefore understand how TLR4/MD-2 performs functionally in an agonistic or antagonist complex. In this study we identify sequences in both MD-2 and TLR4 that are required for signaling activity induced by lipid IVa. These results allow us to propose a structural model of TLR4-MD-2 activation that involves both receptor-MD-2 and receptor-receptor interactions.
Materials and Methods

Constructs
TLR4 and CD14 were cloned into pcDNA3 and MD-2 was subcloned into pEFIRES (25) . TLR4 and MD2 chimeras were constructed by overlap extension PCR. Point mutations were introduced either by site-directed mutagenesis (QuikChange; Stratagene) or by overlap extension PCR. Mutations were confirmed by sequencing. Western blot analysis and FACS analysis were used to confirm protein expression levels and cell surface expression, respectively. Both horse and human TLR4 show equal surface expression on HEK cells (2.16% horse TLR4 vs 1.29% human TLR4), but there are slight differences in the intracellular levels of TLR4 expression (7.28% for horse TLR4 vs 3.33% for human TLR4). These levels of TLR4 expression are comparable with those seen by others using similar transient transfection techniques (20) .
Cloning of cat TLR4, CD14, and MD-2
RNA was extracted from feline whole blood using the QIAamp RNA blood mini kit (Qiagen). Reverse transcription into cDNA and amplification of first-strand cDNA encoding feline TLR4, CD14, and MD-2 was performed by RACE using the GeneRacer kit (Invitrogen). Fragments were cloned into TOPO vector and checked with restriction digests where the sequence was available (from archive traces), followed by sequencing. TLR4 and CD14 were subcloned into pcDNA3 and MD-2 into pEFIRES.
Cell culture and transient transfection
HEK293 cells were maintained in DMEM supplemented with 10% FCS, 2 mM L-glutamine, 100 U ⅐ ml Ϫ1 penicillin, and 100 ⅐ g ml Ϫ1 streptomycin. HEK293 cells were transfected as previously described (26) . Briefly, cells were seeded at 3 ϫ 10 4 /well in a 96-well plate and transiently transfected 2 days later. Expression vectors containing cDNA encoding TLR4, MD-2, and CD14 (1 ng/well of each), a NF-B transcription reporter vector encoding firefly luciferase (5 ng/well pNF-B-luc; Clontech), and a constitutively active reporter vector encoding Renilla luciferase (5 ng/well phRG-TK; Promega), together with empty vector to ensure that an optimal amount of DNA was mixed with jetPEI (Polyplus transfection) according to the manufacturer's instructions. After 48 h, cells were stimulated with Kdo 2 -lipid A (3-deoxy-D-manno-octulosonic acid-lipid A) or lipid IVa (purified as described in Ref. 9; a gift from Prof. C. Raetz, Duke University, Durham, NC) diluted in DMEM supplemented with 0.1% FCS. TNF-␣ stimulation (1 ng ⅐ ml
Ϫ1
) was used as a positive control. The cells were washed with PBS and then lysed and luciferase activity was quantified using the Dual luciferase kit (Promega) according to the manufacturer's instructions. Constructs that failed to signal to Kdo 2 -lipid A were excluded from this study.
Molecular modeling
MD-2 models were based on the crystal structure of Der P2 mite dust allergen protein (Protein Data Bank code 1KTJ; Ref. 27 ) and up-dated using the crystal structure of human MD-2 (Protein Data Bank code 2E56; Ref. 8) as a template (28 -30) . Briefly, the FUGUE program detected the remote homology between MD-2 and the Der P2 proteins by sequencestructure comparison (28) . The alignment generated by FUGUE was analyzed using the JOY software (29) and manually refined. The sequence alignment was optimized by iteration of three-dimensional modeling of the protein structures, followed by assessment of the quality of the models. The 8.2 version with built-in energy minimization features of the modeling software MODELLER (30) was used to generate 30 models, including both conserved regions and loops. The quality of the models was analyzed by the VERIFY3D and PROCHECK programs online (nihserver.mbi.ucla. edu/SAVS/). The models with the best geometry were selected for molecular representation.
TLR4 three-dimensional models were generated based on the crystal structures of various extracellular LRR proteins and subsequently up-dated using the crystal structure of mouse TLR4 (18) . Briefly, individual domains of the TLR4 ectodomain that had a high degree of similarity with different known structures were modeled separately and subsequently combined in silico using overlapping regions. The reconstructed full-length ectodomain was further energy minimized in MODELLER. For all TLR4 and MD-2 models, electrostatic potentials were calculated using the AMBER force field via the PDB2PQR server at agave.wustl.edu/pdb2pqr/server.html and the electrostatic calculation program APBS that provides the numerical solution of the Poisson-Boltzmann equation. Visualization was achieved in PyMol (www.pymol.org). The presence and features of pockets was analyzed using the online CastP server (31) .
Low resolution protein-protein docking was conducted on the crystal structure of the mouse MD-2/TLR4 complex (Protein Data Bank code 2Z64) using GRAMM (Global RAnge Molecular Matching) methodology (32) . GRAMM methodology is an empirical approach to smoothing the intermolecular energy function by changing the range of the atom-atom potentials. Low resolution docking is useful for determining the possible relative positions of the two proteins in the complex. High-resolution protein-protein docking was performed by the program pyDock (33) . pyDock is a method for rigid-body protein-protein docking. It explores with either the FTDOCK or the ZDOCK method to generate conformations of complexes and uses a scoring function that applies electrostatics and desolvation energies to select the hundred best solutions. The PROBE program was used to evaluate protein-protein and protein-ligand contacts (34) . The approach is based on a probe of radius 0.25 Å placed at points along the van der Waals surface of a selected set of atoms to determine whether this probe also contacts atoms within a second "target" set. Atomic coordinates from crystal structures, homology, and docking models were modified in the companion program REDUCE to add hydrogens that are necessary for a meaningful analysis of molecular contact surfaces.
Statistical analysis
Comparison between control and other treatments within each species group were made using Welch's t test for comparing two samples with unequal variances and a Holm-Bonferroni step-down adjustment for multiple comparisons. Only data with significant differences are discussed in the text, where significance is taken at a level of at least p Ͻ 0.05. Comparisons across species groups were made using a linear regression model. A table of p values (Table S1 ) is presented as supplemental data.
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Results
Determinants in both MD-2 and TLR4 contribute to ligand recognition
Preliminary studies suggested that, as in the mouse, lipid IVa has agonist activity in horse (equine) macrophages (data not shown). We constructed dose-response curves for human, mouse, and horse MD-2/TLR4 to lipid A and lipid IVa. Lipid A activated both human and horse MD-2/TLR4 whereas lipid IVa was an agonist to mouse, a partial agonist to horse, and an antagonist to human MD-2/TLR4 (Fig. 1A) . In the rest of this study we used a concentration of lipid A (10 ng/ml; 4.5 nM) that induced just submaximal activation of pNF-B-luc and lipid IVa at 1 g/ml (711 nM; a concentration that just maximally activated murine and horse MD-2/ TLR4 but also antagonized lipid A activation of human MD-2/ TLR4). Surface expression of TLR4 was equal for the horse and human constructs, but there were slight differences in expression for the intracellular levels of this protein. The differences in intracellular expression of TLR4 were not reflected in cell surface expression, but in all subsequent experiments lipid A stimulation was performed to ensure that the MD-2/TLR4 constructs were able to signal and to control for any differences in protein expression. By focusing our study on the effectiveness of lipid IVa as an agonist or antagonist against lipid A, we were able to characterize a change in pharmacological phenotype in response to MD-2/TLR4 stimulation rather than simply detect a loss of signaling.
To determine whether MD-2 confers the observed species-specific differences in signaling, we conducted a series of MD-2/TLR4 swapping experiments and assayed for agonism or antagonism by lipid A and lipid IVa. We asked whether horse MD-2 could confer signaling in response to lipid IVa on human TLR4 and vice versa. Both of these combinations result in TLR4/MD-2 complexes that signal strongly in response to lipid A but are antagonists for lipid IVa (Fig. 1B) , indicating that MD-2 alone cannot confer the ability to be activated by lipid IVa. Cats, like mice, are relatively less sensitive to LPS than humans or horses in vivo. Cat TLR4/MD-2 has similar properties as those of the human receptor complex, with lipid IVa acting as an antagonist as does cat TLR4 when combined with human MD-2. Cat MD-2/horse TLR4 and horse MD-2/cat TLR4 combinations, in contrast, are activated by lipid IVa (Fig. 1C) . This result provides further evidence that signaling competency involves determinants in both MD-2 and TLR4.
Residues 57-107 of horse MD-2 are sufficient to confer agonist activity of lipid IVa
Species differences in activation by lipid IVa may depend on a short sequence in MD-2. We constructed MD-2 chimeras in which different regions were switched between human and horse proteins. The chimera in which residues 57-107 of horse MD-2 were engineered into the human framework (HE 57-107 ) was unable to signal in response to lipid IVa when combined with human TLR4 but reconstituted signaling when coexpressed with horse TLR4 (Fig. 2) . Thus, residues 57-107 of horse MD-2 are critical for recognition of lipid IVa as an agonist (compare with Fig. 1B) .
When residues 57-66 of human MD-2 were replaced by the horse sequence (HE 57-66 ), this construct was also able to reconstitute lipid IVa signaling with horse TLR4 but to a lower level than that seen with HE 57-107 (Fig. 2B) . A third chimera containing residues 82-89 of the horse MD-2 sequence (HE 82-89 ) retained the lipid IVa antagonist activity both with human and horse TLR4 (Fig. 2) . When the reciprocal chimera in which a horse MD-2 with human residues 57-66 (EH 57-66 ) was constructed, it reduced the ability of horse TLR4 to signal in response to lipid IVa (note the elevated activity of the unstimulated cells) (Fig. 2B) . Introducing human residues 82-89 into the horse MD-2 (EH 82-89 ) did not alter the signaling profiles (Fig. 2) . Taken together, these results suggest
Signaling characteristics of MD-2/TLR4 from human, horse, and cat. HEK293 cells were transiently cotransfected with TLR4, MD-2, and CD14 from horse (E), human (H), mouse (M), or cat (C), an NF-〉 luciferase reporter plasmid, and a control Renilla-expressing plasmid. Cells were stimulated with lipid A, lipid IVa, or both in combination.
Unstimulated control (open bar), lipid A at 10 ng ⅐ ml Ϫ1 (black bar), lipid A at 100 ng ⅐ ml Ϫ1 (horizontal hatched bar), lipid IVa at 1 g ⅐ ml Ϫ1 (gray bar), and lipid A at 10 ng ⅐ ml Ϫ1 plus lipid IVa at 1 g ⅐ ml Ϫ1 (cross hatched bar) are shown. Data are expressed a percentage of the control response Ϯ SEM from a representative experiment (n ϭ 3-5). A, Lipid IVa is a partial agonist at horse MD-2/TLR4 (E). B, Neither horse MD-2 (E) nor horse TLR4 (E) alone confers responsiveness to lipid IVa. C, Lipid IVa is an antagonist at cat TLR4/MD-2 (C) but a partial agonist at horse TLR4 (E)/cat MD-2(C) and at cat TLR4 (C)/horse MD-2 (E). that residues 57-106 of MD-2 determine species specificity in LPS signaling.
Modeling of MD-2 reveals structural differences in surface electrostatic potential that correlate with species specificity in lipid IVa pharmacology
To determine whether sequence differences in MD-2 explain the variations described above, we performed structure based sequence alignments and generated molecular models of the horse, mouse, and cat MD-2 molecules to investigate their molecular structure (Figs. 3 and 4) . In agreement with the high sequence identity among MD-2 proteins from different mammalian species (64 -66% identity with human MD-2; Fig. 3 ), no major structural differences were found in the overall folds of these proteins.
Our mutagenetic analysis of MD-2 reveals that sequence differences found in the central region of MD-2 are important for lipid IVa signaling. Residues 57-107 of MD-2 encompass ␤-strands 4, 5, 6a, and 6b, the 3 10 helix and the surrounding loops that make contact with lipid IVa (Fig. 4) . Replacement of residues 57-66 and 82-89 of horse MD-2 with the human sequence generated a constitutively active form of MD-2 (Fig. 2) . The elements of secondary structure that have been switched between species are located on either side of the MD-2 clamshell; residues 82-89 participate in ␤-strand 6a, which is found on the first sheet at the rim of the ligand-binding pocket, and residues 57-66 constitute ␤-strand 4, which is in the middle of the second sheet. They present six and seven amino acid changes respectively, in contrast to the 15 changes in total in the central region. These residues are either exposed to solvent or are lining the central cavity, and four of them are in direct contact with lipid IVa in the crystal structure (from human to horse: I63M and Y65F on ␤-strand 4 and V82M and L87F on ␤-strand 6a). These changes are mostly conserved in terms of hydropathy (for example, human S57 is replaced by horse T57), whereas polarity changes can be found on solvent-exposed residues (from human to horse: L60H on ␤-strand 4 and N86E and K89M on ␤-strand 6).
Comparison of the surface charge distribution of MD-2 from the different species show significant differences in the electrostatic FIGURE 3. MD-2 sequence and structure. A, Sequence-structure alignment of MD-2 from different species in which 2e56a stands for the human MD-2 crystal structure with PDB code 2e56, chain a, shown in the JOY format. The alignment was built in BioEdit (www.mbio.ncsu.edu/BioEdit/bioedit.html). B, Topological diagram of the MD-2 structure adapted from TOPS output (www.tops.leeds.ac.uk/). Arrows represent ␤-strands, the cylinder represents the 3 10 helix, the full lines represent loops, and the purple circles represent glycosylation sites. MD-2 is composed of two antiparallel ␤-sheets; the first one is formed by ␤-strands 1/2/9/8/5/6 in gray and the second one encompasses ␤-strands 3/4/7. These ␤-sheets form a ligand-binding clam with four hinges (red and blue lines). The blue hinge between ␤-strands 7/8 carries the LPS binding motif. C, A ribbon diagram of MD-2 crystal structure, color-coded as in B. Glycans at positions N26 on ␤-strand 1 and N114 on ␤-strand 7 are represented in purple spheres. Note that horse, cat, and mouse have a supplementary glycosylation site at N150.
potential around the ligand-binding cavity (Fig. 4) . These differences in surface charges could correlate with the pharmacology of lipid IVa, which is an antagonist in the presence of the electronegative human MD-2, a partial agonist with the less electronegatively charged cat and horse proteins, and a full agonist with the more electropositive mouse MD-2 (Figs. 4) . We cannot, however, rule out that the residues we have modified are involved in altered protein dynamics rather than modified ligand and/or TLR4 binding properties.
LRRs 14 -18 of the TLR4 ectodomain are required for species-specific responses to lipid IVa
The TLR4 ectodomain is made up of 21 LRRs forming a horseshoe-shaped block surrounded by cysteine-rich capping structures called LRRNT at the N terminus and LRRCT at the C terminus (20) (Figs. 5 and 6 ). These structures protect not only the first and last repeats from solvent exposure but also have important functional roles in signaling. Homodimerization of TLR4 leads to the , and mouse (E) proteins. Human MD-2 protein was taken from the crystal structure with PDB code 2Z65. Models for cat and horse proteins were built using the human MD-2 crystal structure (PDB code 2E54). Mouse MD-2 was taken from the crystal structure with PDB code 2Z64. activation of an intracellular signaling cascade (35) . However, it is unclear whether TLR4 dimerization is triggered directly by MD-2 bound to a ligand or whether the receptor undergoes allosteric changes upon MD-2-ligand binding. The latter scenario would involve receptor-receptor contacts in which ligand-bound MD-2 may or may not participate. If ligand-bound MD-2 participates in receptor-receptor contacts, it would explain why TLR4 may play a role in ligand recognition.
To determine the role of the TLR4 ectodomain in lipid IVa signaling, we made chimeras between horse and human proteins. Hybrids in which the human LRR 14-TIR (Toll-IL-1R) domain (L372-D675) was replaced with the corresponding residues from horse (HE L373-D677 ) and the reciprocal construct in which the horse LRR 14-TIR (L373-D677) domain was replaced with the corresponding residues from human (EH L372-D675 ) were generated and their signaling activity characterized. Lipid IVa acts as an agonist for HE L373-D677 and an antagonist for EH L372-D675 (Fig.  7A ). This result confirms that TLR4, specifically the C terminus from LRR 14, is essential for lipid IVa signaling. To localize the regions of TLR4 involved, we assayed chimeras with only LRRs 14 -18 swapped between human (L372-V475) and horse (L373-V476) receptors (HE L373-V476 and EH L372-V475 , respectively). These experiments showed that LRRs 14 -18 are sufficient to confer responsiveness to lipid IVa (Fig. 7B) .
Sequence comparison of horse and human LRRs 14 -18 highlighted 12 nonconservative amino acid changes, of which eight involved substitution of neutral residues in the human sequence with charged residues in the horse (see Fig. 6 at the following positions for human/horse residues: G384/R385, Q393/E394, G397/K398, S400/R401, Y403/H404, G410/D411, I450/R451, and N468/D469). We therefore introduced point mutations into the horse sequence corresponding to these residues and tested the mutated TLR4 for the ability to confer responsiveness to lipid IVa. Remarkably, one of these substitution, R385G in LRR 14, despite being fully active in response to lipid A, results in a receptor complex with markedly reduced signaling in response to lipid IVa ( p ϭ 7.7 ϫ 10 Ϫ7 ). Moreover, lipid IVa antagonizes the effects of lipid A at horse TLR4 R385G (Fig. 7C) . A second mutation at this site (R385A) also reduced lipid IVa activity while retaining the antagonist effect of lipid IVa against lipid A (data not shown). This residue lies on the right-hand lateral surface of the LRR solenoid. Other mutants involving basic residues located on the left-hand lateral surface had unaltered signaling properties (data not shown). These results implicate the right-hand lateral surface of horse TLR4 as a region essential for lipid IVa but not lipid A signaling.
MD-2/TLR4 and TLR4/TLR4 interactions contribute to the formation of the TLR4/MD-2 signaling complex
The structure of mouse TLR4 in complex with mouse MD-2 without any added ligand and the human TLR4 N-terminal domain with MD-2 bound to the tetra-acylated antagonist eritoran have been solved (18) . The MD-2/TLR4 interface of these inactive complexes lies outside of the species-specific regions identified here (Table I) . To explore the significance of LRRs 14 -18 of the TLR4 solenoid for the formation of an active complex, we used the molecular docking programs GRAMM and pyDock (Tables I-VI) . We generated different docking models of the heterotetrameric complex using the mouse MD-2/TLR4 crystal structure as a template. We selected signaling complexes that present a 2-fold symmetry axis perpendicular to the cell surface and in which the TLR4 juxtamembrane domains are in close proximity. FIGURE 6. TLR4 LRRs 14 -18 present species differences in shape and electrostatic surface potentials. The convex sides of human (A, B, and C) and horse (D, E, and F) TLR4 LRRs 14 -18 are represented as ribbon diagrams (A and D, respectively) and molecular surface representations (B and E) with species-specific residues shown in magenta and electrostatic surface potential (E and F, respectively). Encircled residues have been swapped between human and horse proteins. In yellow circles, horse TLR4 K398G and R401S "humanized mutants" on the left flank of the LRR motif did not affect lipid IVa activity. In orange circles, the horse TLR4 R385G "humanized" mutant localized on the right flank lost the ability to signal with lipid IVa.
These two parameters are thought to be required for assembly of the MD-2/TLR4 signaling complex. Some of the models filled both the criteria of symmetry and proximity of the Ctermini of the two TLR4 solenoids, but also involved TLR4/ TLR4 interactions and MD-2 crosslinking of two receptor molecules. One of these docking models (Fig. 8) suggests a TLR4 interface located on the right-hand lateral surface and centered at LRR 14 as a site of receptor homodimerization (see Fig. 8C , where points of contact are illustrated in orange, and E, where LRRs 14 -18 are in magenta). The critical residue R385G in horse TLR4, which determines the activity of lipid IVa (shown in blue in Fig. 8E ), is located within this patch, suggesting that the presence of a basic residue in the horse sequence can promote the formation of the receptor-receptor contacts required for signal transduction. Another interesting feature of this model resides in the interchain contacts between MD-2 and TLR4, and this may also contribute to the formation of the LRRNT  M40  M41  M41  M41  LRR 1  D59  D60  D60  D60  LRR 1  F62  F63  F63  F63  LRR 2  D83  D84  D84  D84  LRR 2  S85  S86  S86  S86  LRR 2  R86  R87  R87  R87  LRR 3  T109  T110  T110  T110  LRR 4  V131  V132  V132  V132  LRR 4  V133  V134  V134  V134  LRR 4  E134  E135  E135  E135  LRR 5  H158  H159  H159  H159  LRR 
a Residues from mouse TLR4 in contact with mouse MD-2 in the crystal structure (Protein Data Bank no. 2z64) are listed. Equivalent residues in human, horse, and cat TLR4s according to sequence alignment are presented; mTLR4, mouse TLR4; hTLR4, human TLR4; eTLR4, horse (equine) TLR4; and fTLR4, cat (felix) TLR4. The far left column indicates the structural localization of each residue spanning from the N-terminal region (LRRNT) to LRR 13. Residues from LRR 9 to LLR 14 in boldface are less conserved among species. 
Residues from mouse MD-2 in contact with mouse TLR4 in the crystal structure (Protein Data Bank no. 2z64) are listed. Equivalent residues in human, horse, and cat MD-2s are presented according to sequence alignment: mMD-2, mouse MD-2; hMD-2, human MD-2; eMD-2, horse (equine) MD-2; and fMD-2, cat (felix) MD-2. The far left column indicates the structural localization of each residue; L4-5, loop (L) between the fourth and fifth ␤-strand; 3 10 , 3 10 helix; 6b, ␤-strand 6b. Residues involved in both TLR4 and ligand binding are underlined. Residues that are not conserved are shown in boldface.
signaling complex (see Fig. 8 , B and C, with MD-2/TLR4 interchain contacts illustrated in green). The interactions occur on the concave surface of the TLR4 solenoid between LRRs 16 -18. Interestingly, the F126 residue of MD-2 that is critical for LPS-induced TLR4 (36) clustering lies within the MD-2/TLR4 interface predicted by our docking analysis.
The constitutive activity of MD-2 HE 82-89 can be explained by the docking analysis. Horse residues in the 82-89 region are slightly more hydrophobic and bulkier than those in human MD-2, in particular at position 87, which is a Phe residue in horse and a Leu in human (Table VI) . Our data show that this mutant with high basal activity can still be further stimulated with lipid A. Taken together, this suggests that a more extensive range of contacts than those proposed (18) occur in the signaling complex. The partial activity seen with mutant proteins or lipid IVa stimulation is due to productive protein-protein interactions in some, but not all, possible areas. In contrast, full stimulation would then only be observed when all stabilizing contacts occur between TLR4 and MD-2 in the presence of a full agonist such as lipid A. The introduction of bulkier hydrophobic residues into MD-2 increases the size of this Structure  Position  HMD-2  mMD-2  eMD-2  fMD-2   3  4 6  I  I  I  I  3  48  V  S  L  I  L3-4 52 
a The docking study of the heterotetrameric TLR4/MD-2 2 complex suggests potential TLR4-TLR4 contacts. Docking analysis was performed on the mouse TLR4-mouse MD-2 complex using the crystal structure with Protein Data Bank no. 2Z64 coordinates as both "receptor" and "ligand" using the GRAMM-X web server (vakser. bioinformatics.ku.edu/resources/gramm/grammx/). Equivalent residues in human, horse, and cat TLR4s according to sequence alignment are presented; mTLR4, mouse TLR4; hTLR4, human TLR4; eTLR4, horse (equine) TLR4; and fTLR4, cat (felix) TLR4. The far left column indicates the structural localization of each residue spanning from LRR 12 to LRR 16. Note that the TLR4-TLR4 interface is highly divergent among species. Residues that are not conserved are indicated in boldface. LRR15  N415  N417  N418  N417  LRR15  M417  L419  M420  L418  LRR16  G418  G420  G421  G420  LRR16  T436  S438  S439  S438  LRR16  E437  E439  D440  D439  LRR16  F438  F440  F441  F440  LRR16  L442  L444  L445  L444  LRR17  S443  S445  S446  P445  LRR17 E445
a The docking study of the heterotetrameric TLR4/MD-2 2 complex suggests the presence of a secondary MD-2 binding site on TLR4. Docking analysis was performed on the mouse TLR4-mouse MD-2 complex using the crystal structure with Protein Data Bank no. 2Z64 coordinates as both "receptor" and "ligand" using the GRAMM-X web server (vakser.bioinformatics.ku.edu/resources/gramm/grammx/). Equivalent residues in human, horse, and cat TLR4s according to sequence alignment are presented. The far left column indicates the structural localization of each residue spanning from LRR 15 to LRR 17. Residues that are not conserved are indicated in boldface. 
The docking study of the heterotetrameric TLR4/MD-2 2 complex suggests the presence of a secondary TLR4 binding site on MD-2. Docking analysis was performed on the mouse TLR4-mouse MD-2 complex using the crystal structure with Protein Data Bank no. 2Z64 coordinates as both "receptor" and "ligand" using the GRAMM-X web server (vakser.bioinformatics.ku.edu/resources/gramm/grammx/). Equivalent residues in human, horse, and cat MD-2s according to sequence alignment are presented; mMD-2, mouse MD-2; hMD-2, human MD-2; eMD-2, horse (equine) MD-2; and fMD-2, cat (felix) MD-2. The far left column indicates the structural localization of each residue. Residues that have been switched between human and horse in this study belong to the secondary interface (underlined). Note that the rest of the secondary TLR-binding region is located in the LPS binding motif (see Fig. 3 ).
Residues that are not conserved are indicated in boldface.
protein, which, in turn, is able to make partial contacts with TLR4 even in absence of ligand.
Discussion
The modeling, docking, and functional studies of MD-2 and TLR4 presented here suggest that subtle differences in these molecules can have major influences on their signaling function. The sequence differences seen between speciation that supports signaling in response to lipid IVa (mouse, horse, and cat) and speciation that cannot (human) are mainly conservative substitutions that are not predicted to have a large influence on the overall structure of the protein. However, we identified significant differences in the local charge distribution on the surfaces of MD-2 and TLR4 from different species that suggest that electrostatic forces govern the pharmacology of lipid IVa and therefore the mechanism of TLR4 signal transduction.
Our mutational analysis of MD-2 provides evidence that the area involved in the signaling activity of lipid IVa is restricted to the central region of MD-2 (residues 57-106), which includes residues involved in ligand and TLR4 binding. Of particular interest are human residues 57-66 and 82-89, which confer a level of constitutive activity on horse MD-2. This observation can be explained if MD-2 is able to adopt two conformers, one of which is active for signaling. In this view, the mouse and horse MD-2 proteins would be able to switch conformation when bound by lipid IVa. The constitutively active hybrid MD-2 would be viewed as metastable, being able to switch conformation spontaneously without any ligand bound. A conformational switch of this type has been characterized structurally in the related ML fold protein GM2-AP (37) . Further structural studies are needed with MD-2 to assess the dynamical properties of this particular protein.
Another important conclusion of this study is that the signaling activity induced by lipid IVa also involves TLR4. The importance of the LRRs 14 -18 region is as puzzling as the effect of characterized human polymorphisms at position D299G and T399I (19, 20) because they all reside outside of the MD-2 binding site. The effect of such mutations could be indirect by introducing a structural change in the TLR4 ectodomain such as changing the curvature, the overall twist (as opposed to the planarity described for the TLR3 ectodomain; Ref. 38) , or the surface charge distribution.
Our model for activation of TLR4 has features in common with those put forward by Kim et al. (18) . Their favored model proposed interchain contacts between MD-2 and TLR4, similar to those seen in our docked complex. Both models are similarly supported by mutagenetic data with two highly conserved residues in MD-2 (F126 and H155) that are critical for receptor dimerization in response to LPS, contributing to TLR4 crosslinking (see Fig.  8B ). Our model, however, also predicts the presence of receptorreceptor contacts. Thus, it may be that the assembly of the active TLR4 complex is a stepwise process, with initial MD-2/TLR4 contacts induced by the binding of LPS, promoting the subsequent homodimerization of the receptor ectodomains (35) . The "m"-shaped arrangement of the ectodomain chains in the predicted complex is strikingly similar to that seen in the structure of the TLR1/2 ectodomain heterodimer (39) . In this case, triacylated lipid binds directly to both TLR2 and TLR1. Two acyl chains are inserted into a hydrophobic cavity in the core TLR2 LRRs 9 -11, and the remaining acyl chain binds to TLR1 at an equivalent position in the ectodomain. These lipid-protein interactions appear to stabilize a dimerization interface on the lateral surface of the solenoid extending to LRR 14, the same region relative to the C terminus that we have identified in TLR4. Our model also has features in common with a low-resolution structure of the Drosophila Toll receptor ectodomain in complex with Spätzle (the protein ligand for Toll). Spätzle binds to the N terminus of the ectodomain to form a heterodimer. Two heterodimers assemble into a tetrameric complex held together by two regions of protein-protein interactions between the receptor ectodomains, one close to the Spätzle binding site and one at the C terminus (40) .
In conclusion, the model of the active TLR4/MD-2 complex supported by mutagenetic evidence provides a new insight in the mechanism of TLR4 activation. The additional interactions between TLR4 and MD-2 described in this paper may account for the picomolar sensitivity in sensing the microbial patterns of this pathway. We propose that partial contacts lead to decreased potency in signaling, which accounts for the species-specific activity of lipid IVa. Our results are consistent with those of Muroi and Tanamoto (23) , who conducted an analysis of mouse MD-2. This work, taken together with other recent advances, indicates that the Toll and Toll-like receptors have analogous multistep activation mechanisms.
